Dry fibers coming from garden waste, originating from Opuntia ficus indica, were introduced in amounts of either 8 or 16 wt % into a self-produced thermoplastic starch (TPS) based on potato starch and glycerol. Thermal (differential scanning calorimetry, DSC), mechanical (tensile tests), and morphological characterization with scanning electron microscopy (SEM) and performing energy-dispersive X-ray spectrometry (microanalysis) were carried out. The results indicated that the uneven distribution and variable geometry of fibers introduced led to a reduction of tensile stress and strain with respect to pure TPS. However, the positive effects of prolonged mixing and increased thickness were highlighted, which suggest the fabrication of the composite could be improved in the future by controlling the manufacturing procedure.
Introduction
Opuntia ficus indica, also referred to as "nopal", is a plant that is used in Italy, as in many countries around the Mediterranean Sea, for its ornamental value and is therefore widely available, especially in the central and southern part of the country. Most Opuntia plants are used in Southern Italy for the production of Indian figs. According to data supplied from the Istituto Nazionale di Statistica (National Institute for Statistics) (ISTAT), 750,000-900,000 quintals per year of fruits are produced. In this case, plants need to be pruned during winter with the removal of cladodes (i.e., flattened leaf-like stems). In addition, the Opuntia is used as a garden plant in a much larger area in Italy to delimit allotments and prevent intrusion, thanks to its spines. The removal of worn-out cladodes from the plant does in any case generate some amount of waste. In particular, cladodes include mucilage, which is starting to receive some interest as an industrial hydrocolloid [1] , and cellulosic fibers, which could have a dietary value when fresh [2] , yet once dried are normally dumped or incinerated. It is possible, though, to use these fibers to reinforce a polymer matrix, especially aiming at improving its tensile properties. In particular, the use of a biopolymer, such as a starch-glycerol thermoplastic (TPS), could be suitable for this purpose. The use of cellulosic fibers for this purpose is widely documented
Materials and Methods

Fibers
The fibers used for the study were available after long storage at Agenzia nazionale per le nuove tecnologie, l'energia e lo sviluppo economico sostenibile (ENEA), in Anguillara, Italy, originating from some Opuntia plants, which were cut for garden area maintenance on the site. An example of the waste material as-received is depicted in Figure 1 . To obtain the fibers, the material obtained was first cleaned with compressed air and brush, after which they were washed and brushed, then cut in small pieces, in the order of 20 mm or so. After this, they were sonicated in distilled water for 30 min, then dried in an oven at 70 • C for 24 h and finally mashed in ball mill for 2 h. The final sizes of the fibers obtained were not higher than 1 mm in length, and with very variable aspect ratios, from close to 1, therefore in powder form, to others with up to 10-20. 
Films Preparation
A thermoplastic starch (TPS) film, aiming at a thickness of approximately 120 microns, was prepared using 10 g of sieved potato starch and 4 mL of glycerol, reagent grade, therefore with 99.5% purity, in 400 mL of distilled water. The solution was stirred manually for approximately 10 min, until its appearance was uniform. It was then subsequently poured in an uncovered steel mold with surface covered in Teflon, to ease demolding, and then kept there for an hour at 70 °C, and finally at 45 °C overnight. No pressure was purposely applied for production for simplicity and to observe which degree of consolidation was obtained in TPS and their composites in this way. A similar procedure was followed in [9] .
After producing the TPS film for comparison, three types of films with added dry nopal fibers were produced, always following the above procedure, but proceeding to the addition of fibers, as follows:
•
Composite A: contains an amount of fibers equal to 16 wt % of the total starch + glycerol content. In this case, the stirring lasted for 1 h.
Composite B: contains an amount of fibers equal to 16 wt % of the total starch + glycerol content. In this case, the stirring lasted for 5 h to increase homogeneity.
Composite C: produced as composite A, but with an amount of fibers equal to 8 wt % of the total starch + glycerol content.
The three different composites were produced to understand which effect appeared to be predominant on the properties of the composite between the one due to the amount of fibers introduced and the other due to the stirring time. For this reason, a significantly large variation in the amount of fibers introduced between A to B and C composites, and in the stirring time between A to C and B composites.
Films Preparation
The measurements carried out involve, apart from basic morphological characterization, such as film thickness measurement, other sounder methods of analysis, including, in particular:
•
Optical microscopy and scanning electron microscopy (SEM) of the films as received, to evaluate their morphology and after tensile tests, to study the fracture surfaces. The SEM apparatus used 
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Films Preparation
•
Optical microscopy and scanning electron microscopy (SEM) of the films as received, to evaluate their morphology and after tensile tests, to study the fracture surfaces. The SEM apparatus used is a Zeiss EVO MA15. Using SEM, qualitative analyses of the elements present on the surface were also carried out by EDS (energy-dispersive X-ray spectrometry).
Tensile tests were performed using a Testometric model MICRO350 5 kN system, with a 50 N load cell. Tests were carried out in displacement control mode at a cross-head velocity equal to 2 mm/minute. The dimensions of the samples are shown in Figure 2 . • Differential scanning calorimetry (DSC) to evaluate the evolution of films and composites behavior with temperature by heating at a rate of 10 • C/min, from 25 to 180 • C, using a Mettler Toledo HPDSC system. is a Zeiss EVO MA15. Using SEM, qualitative analyses of the elements present on the surface were also carried out by EDS (energy-dispersive X-ray spectrometry).
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Results
To produce the composites, the use of nopal dry fibers to fill them was investigated; their aspect as received is represented in Figure 3a . The fibers were received as complex aggregates of fibrils only partly separated. This would affect the adhesion force of a polymer on it. It was therefore suggested that the fibers would be better ground to a much smaller maximum size in the order of a millimeter or less. It needs to be highlighted, nonetheless, that in this way, proceeding to size reduction via the use of a ball mill, some powder is also obtained, as reported above in Section 2.1. The fibrous material after grinding is depicted in Figure 3b , where its whitish aspect is contrasted against a dark background.
The aspect of the samples before and after DSC analysis is reported in Figure 4 . A qualitative observation allows reasoning on the fact that the least evidence of changing aspect of the material after DSC is observed in the case of composite B, yet this can also be due to the larger thickness, which has been obtained by a longer time mixing, which possibly introduced a larger amount of air in the composite. In the other cases, the color modification due to the temperature cycle is very evident. The respective heat flow curves obtained with temperature increase are reported in Figure 5 , where the change in specific heat capacity due to the glass transition phenomenon is not apparent. In thermoplastic starches, glass transition temperature is normally supposed to be between 50 and 70 °C, although with large dependence on the type of starch used and on the amount of glycerol introduced [15] . The first heating cycle, which was performed on the material, did only allow observing a large peak roughly representing its progressive melting. This occurred since there is some previous thermal history of the material, linked to its production, which needs to be eliminated with some thermal cycling to perform a possible measurement of glass transition temperature of TPS. This measurement often proved difficult dealing with TPS blends or composites for its possible superposition with the more obvious peak correlated with melting [16] . The information obtained by this preliminary investigation is useful regardless to suggest whether the introduction of fibers can improve the maximum temperature for use of TPS, which is presently confined at temperatures not above around 50 °C, or not. The data reported in curves in Figure 6 suggest that an increase of melting temperature is only obtained for composites B, where a displacement of around 20 °C of the heat flow peak from the region of 90-95 °C to around 115 °C. This is likely to be connected with the larger 
To produce the composites, the use of nopal dry fibers to fill them was investigated; their aspect as received is represented in Figure 3a . The fibers were received as complex aggregates of fibrils only partly separated. This would affect the adhesion force of a polymer on it. It was therefore suggested that the fibers would be better ground to a much smaller maximum size in the order of a millimeter or less. It needs to be highlighted, nonetheless, that in this way, proceeding to size reduction via the use of a ball mill, some powder is also obtained, as reported above in Section 2.1. The fibrous material after grinding is depicted in Figure 3b , where its whitish aspect is contrasted against a dark background. thickness of the composite, as reported in Table 1 , where the effect of the dry nopal fibers in delaying mechanical collapse due to heating applied is visible. The aspect of the samples before and after DSC analysis is reported in Figure 4 . A qualitative observation allows reasoning on the fact that the least evidence of changing aspect of the material after DSC is observed in the case of composite B, yet this can also be due to the larger thickness, which has been obtained by a longer time mixing, which possibly introduced a larger amount of air in the composite. In the other cases, the color modification due to the temperature cycle is very evident. The respective heat flow curves obtained with temperature increase are reported in Figure 5 , where the change in specific heat capacity due to the glass transition phenomenon is not apparent. In thermoplastic starches, glass transition temperature is normally supposed to be between 50 and 70 • C, although with large dependence on the type of starch used and on the amount of glycerol introduced [15] . The first heating cycle, which was performed on the material, did only allow observing a large peak roughly representing its progressive melting. This occurred since there is some previous thermal history of the material, linked to its production, which needs to be eliminated with some thermal cycling to perform a possible measurement of glass transition temperature of TPS. This measurement often proved difficult dealing with TPS blends or composites for its possible superposition with the more obvious peak correlated with melting [16] . The information obtained by this preliminary investigation is useful regardless to suggest whether the introduction of fibers can improve the maximum temperature for use of TPS, which is presently confined at temperatures not above around 50 • C, or not. The data reported in curves in Figure 6 suggest that an increase of melting temperature is only obtained for composites B, where a displacement of around 20 • C of the heat flow peak from the region of 90-95 • C to around 115 • C. This is likely to be connected with the larger thickness of the composite, as reported in Table 1 , where the effect of the dry nopal fibers in delaying mechanical collapse due to heating applied is visible. thickness of the composite, as reported in Table 1 , where the effect of the dry nopal fibers in delaying mechanical collapse due to heating applied is visible. As regards tensile characterization, the results showed a considerable decrease in terms of maximum stress as well as maximum strain for all the composites with respect to pure TPS, as reported in Table 2 . The single curves obtained sample by sample (not less than 5 samples per series were tested) are shown in Figure 6 . This decrease, which leads as a whole to a higher rigidity of the composites, can be attributed to the random distribution and the large dimensional scattering of the dry nopal filler after grinding. This situation could be possibly improved in the future either by working on a more effective mixing procedure or by chemically improving the compatibility between the fibers and the polymer; in the case of TPS, the composition could be optimized according to its adhesion with a single fiber once the latter is clearly isolated [17] . It can be observed in particular that in composite C, the variability of strain is very large. This has been attributed to the lower amount of fibers introduced, which therefore gives more importance to the orientation and morphology of the fibers in the composite. It can be also suggested that the use of dry fibers, possibly with different ages of collection, would equally strongly affect the strain of the composite with an effect not negligible in comparison with the one of the amount of plasticizer used, in this case glycerol [18] . Given the evolution of stress-strain curves in the sense of the very limited presence of any really elastic zone, it was considered not very realistic to measure a precise value of Young's modulus, although in general terms, this can be suggested to be in the region of few MPa and with not very large variations between the three types of composites produced.
After unloading the materials, the recovery of the final strain was also observed, whose data are illustrated in Table 3 . In pure TPS, this was very variable, in some cases leading to the material continuing to elongate after the removal of the load, resulting in a negative strain recovery value. As a whole, the recovery process appeared rather erratic in TPS, due to the simple fabrication process adopted, which represented an obvious limit for the material. Also in composite A, residual deformation was very limited, whereas some residual deformation was observed for the other composites, more predictable for composite B and more variable for composite C.
Fracture surfaces, reported in Figure 7 , highlight that all materials are quite fragile. However, on one side, the fracture of TPS is abrupt and of a totally brittle nature, while some crack deviation is present in composites, due to the insertion of the fibers. In general terms, this process appears more uniform in composite A. On the other side, composite B typically shows also transverse cracks before failure, which is a sign of enhanced rigidity, but on the other side, it may indicate limited toughness, and composite C tends toward some inflection during loading. The fibrous material was proved to have an apparent density around 0.5 g/cm 3 , which was deemed to reduce the TPS one, evaluated to be in the region of 0.95 ± 0.05 g/cm 3 , albeit in a very limited way, due to the small amount of fibers introduced and the variability of the measurements taken. For better insight into the characteristics of the composites, SEM images of the surfaces are offered in Figure 8 . With respect to the bare TPS, the composites noticeably show higher porosity, with considerable variability as well. Average porosity value, in all cases higher than 10% over the surface, does not give significant indications, because voids appear to be concentrated mainly in some critical regions. However, the comparison between the three composites offers some suggestions-in particular, limited mixing time, together with the large amount of fibers generated in composite A, and some separation between TPS and the filler, especially when the latter is in the form of a powder. As a whole, the most compact composite surface is offered by composite B. Energy-dispersive X-ray spectrometry (EDS) analysis suggested that in the surface of composite B, salt deposits are present, which include a number of elements apart from the expected calcium, namely, aluminum, silicon, As regards tensile characterization, the results showed a considerable decrease in terms of maximum stress as well as maximum strain for all the composites with respect to pure TPS, as reported in Table 2 . The single curves obtained sample by sample (not less than 5 samples per series were tested) are shown in Figure 6 . This decrease, which leads as a whole to a higher rigidity of the composites, can be attributed to the random distribution and the large dimensional scattering of the dry nopal filler after grinding. This situation could be possibly improved in the future either by working on a more effective mixing procedure or by chemically improving the compatibility between the fibers and the polymer; in the case of TPS, the composition could be optimized according to its adhesion with a single fiber once the latter is clearly isolated [17] . It can be observed in particular that in composite C, the variability of strain is very large. This has been attributed to the lower amount of fibers introduced, which therefore gives more importance to the orientation and morphology of the fibers in the composite. It can be also suggested that the use of dry fibers, possibly with different ages of collection, would equally strongly affect the strain of the composite with an effect not negligible in comparison with the one of the amount of plasticizer used, in this case glycerol [18] . Given the evolution of stress-strain curves in the sense of the very limited presence of any really elastic zone, it was considered not very realistic to measure a precise value of Young's modulus, although in general terms, this can be suggested to be in the region of few MPa and with not very large variations between the three types of composites produced. After unloading the materials, the recovery of the final strain was also observed, whose data are illustrated in Table 3 . In pure TPS, this was very variable, in some cases leading to the material continuing to elongate after the removal of the load, resulting in a negative strain recovery value. As a whole, the recovery process appeared rather erratic in TPS, due to the simple fabrication process adopted, which represented an obvious limit for the material. Also in composite A, residual deformation was very limited, whereas some residual deformation was observed for the other composites, more predictable for composite B and more variable for composite C. Table 3 . Values of post-tensile non-recovered strain for pure TPS and its composites.
Material
Non-Recovered Strain (%) TPS −0.4 ± 1.5 TPS-A 0.9 ± 0.7 TPS-B 5 ± 0.5 TPS-C 3.4 ± 2.5
Fracture surfaces, reported in Figure 7 , highlight that all materials are quite fragile. However, on one side, the fracture of TPS is abrupt and of a totally brittle nature, while some crack deviation is present in composites, due to the insertion of the fibers. In general terms, this process appears more uniform in composite A. On the other side, composite B typically shows also transverse cracks before failure, which is a sign of enhanced rigidity, but on the other side, it may indicate limited toughness, and composite C tends toward some inflection during loading. The fibrous material was proved to have an apparent density around 0.5 g/cm 3 , which was deemed to reduce the TPS one, evaluated to be in the region of 0.95 ± 0.05 g/cm 3 , albeit in a very limited way, due to the small amount of fibers introduced and the variability of the measurements taken. For better insight into the characteristics of the composites, SEM images of the surfaces are offered in Figure 8 . With respect to the bare TPS, the composites noticeably show higher porosity, with considerable variability as well. Average porosity value, in all cases higher than 10% over the surface, does not give significant indications, because voids appear to be concentrated mainly in some critical regions. However, the comparison between the three composites offers some suggestions-in particular, limited mixing time, together with the large amount of fibers generated in composite A, and some separation between TPS and the filler, especially when the latter is in the form of a powder. As a whole, the most compact composite surface is offered by composite B. Energy-dispersive X-ray spectrometry (EDS) analysis suggested that in the surface of composite B, salt deposits are present, which include a number of elements apart from the expected calcium, namely, aluminum, silicon, potassium, iron, and in some cases also titanium. This suggests that the improved mixing allows salts present in nopal fibers to surface. On the other side, it is proposed that some of these elements, which are not typically present in nopal, such as titanium, would need to be verified as regards their presence in soil and possible pollution [19] . The presence of irregularities and cavities is also revealed in composite C, where even more elongated nopal fibers show separation problems. 
Conclusions
This preliminary work on the introduction of dry opuntia fibers (maximum amount 16 wt %) in an expressly prepared thermoplastic starch (TPS) led to some interesting observations on the possibilities and limits of application of this common garden waste as the filler of a purposely prepared biodegradable polymer.
More specifically, some critical points are observed in terms of possible improvement of fiber mixing so that their addition would not result in a substantial decrease of mechanical properties. On the other side, it is suggested that inserting a considerable amount of fibers in a TPS composite of thickness exceeding a few mm may lead to some improvement in the melting temperature with respect to bare TPS, provided that the mixing before material production is increased.
Future work would need to include the further characterization of opuntia fibers also in terms of their adhesion to the matrix, once inserted in variable morphology and with a very scattered aspect ratio.
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